Introduction
In the last decade, various findings supported the existence of a separate angiotensinergic system in the nervous system in various parts of the brain, the dorsal root ganglia and the trigeminal ganglia.
1,2 These were identified as pointers for developing putative analgesic drugs acting via this system. The University of Queensland, Australia, filed a patent in 2004 based on the work of Drs Maree Smith and Bruce Wyse from the Centre for Integrated Preclinical Drug Development for a number of AT2R antagonists as analgesics for neuropathic pain (the so-called "use patent", claiming a new use for an old drug). One specific racemate (EMA400; Figure 1 ) was especially promising in preclinical studies. Its S-enantiomer, EMA401, has a binding affinity in the nanomolar range for the murine and human AT2R. 3 Among others based on this high receptor affinity, EMA401 was taken into development by Spinifex Pharmaceuticals, a private Australian biotechnology company. In 2012, this company stated that they had strong efficacy data in multiple animal and human tissue models of neuropathic pain.
capsules of 50 mg for b.i.d. dosing for the first human proof of principle studies in postherpetic neuralgia (PHN). Spinifex further announced in 2012 that EMA401 had demonstrated good human safety and pharmacokinetics in five phase I clinical studies and in a subsequent randomized clinical trial (RCT; the results of the clinical trial were published in 2014, see 'EMA401: drug candidate for neuropathic pain' section). The compound was found to be significantly better compared to placebo in terms of relieving PHN. EMA401 is unique in its class; there are no other AT2R antagonists as advanced in clinical development. It seems, however, that some hurdles related to patent and drug development issues might slow its further development in neuropathic pain.
Discovery of AT2 antagonists as analgesics for neuropathic pain
Within the angiotensin system, two receptors have been recognized: angiotensin II type 1 receptor (AT1R) and AT2R. These receptors are phylogenetically old and have been identified in all vertebrate classes. 5 Angiotensin II has similar binding properties at both receptors, but the receptors differ in their structure and function. The role of angiotensin II signaling via the AT1R was already established many years ago for the cardiovascular system. 6 Drugs that antagonize the AT1R belong to the well-known category of antihypertensives.
In the 90s of the last century, both AT1R and AT2R were identified in the central nervous system, 7, 8 which led to suggestions to treat pain via this system. 9 As early as 1993, AT2R antagonists were identified as having potential utility in the treatment and diagnosis of numerous neurological disorders, resulting in a patent by Warner-Lambert. The precise functions of the AT2R remained somewhat of an enigma and were difficult to explore at that time due to the fact that many ligands were mixed agonists of mixed antagonists. 9, 10 The Swedish group from the Department of Medicinal Chemistry, BMC, Uppsala University, claimed in 2004 to have synthesized the first pure AT2R agonist, codename M024/C21. 11 Interestingly, AT2R agonists were found to have neuroprotective potential in a stroke model. 12 It was indeed only after the development of pure agonists and antagonists that the field could further move forward. 13 In 2013, AT2R expression was described, localized in smalland medium-sized cultured neurons of human and rat dorsal root ganglion, and EMA401 was found to be effective in a capsaicin-induced in vitro pain model. 14 EMA400 (previously known as the Parke-Davis compound PD-126055) was originally described and synthesized as a derivative of a chemical structure named "compound 1" in a Warner-Lambert composition of matter (product) patent in 1993. 15 EMA401, among a number of other derivatives, was identified in 2004 by the University of Queensland as relevant for the treatment of neuropathic pain. This group of antagonists were at that time claimed (in a method of use patent) as AT2R antagonists for "the treatment, prophylaxis, reversal and/or symptomatic relief of neuropathic pain, including mechanical hyperalgesia, thermal or mechanical allodynia, diabetic pain and entrapment pain." 16 The patent described how over a period of 15 years since the first identification of the AT2R, no clear insight into the function and the therapeutic utility of this receptor emerged. In the patent, AT2R antagonists were demonstrated and claimed to prevent or attenuate painful symptoms associated with neuropathic conditions and all such receptor antagonists were claimed in the patent, including small molecules, peptides, polypeptides, peptidomimetics, carbohydrates, and lipids. More recently, however, an international patent examiner identified a number of problems with several key claims in the patent, which were neither innovative nor inventive, due to prior findings in older patents from the pharmaceutical companies Warner-Lambert, Merck, and Bristol-Myers Squibb. 17 In these older patents, a number of AT2R antagonists were disclosed, which were claimed to be of use in the treatment of peripheral neuropathies. Hopefully, this claim will not lead to premature abortion of the clinical project EMA401 in neuropathic pain. This would mean that the existing prior art could arrest further development of the compound in neuropathic pain, due to the absence of protection (of its intellectual property).
In the patent from the University of Queensland, various neuropathic pain models were described and used to screen a number of compounds, such as the old Parke-Davis compounds PD-123319 (EMA 200) and PD-126055 (EMA400). The AT2R-selective antagonist PD-126055 had been used earlier as a pharmacological tool to study apoptosis. 18 Interestingly, the compound was described explicitly in the literature as an AT2R selective antagonist as early as 1994. 19 PD-126055 or EMA400 is a racemate, and this compound was tested in different paradigms such as in diabetic rats and in the unilateral sciatic nerve chronic constriction injury (CCI) model. In the latter model, EMA400 was dosed as a bolus intraperitoneal (i.p.; in the range of 3-30 μg/kg) versus the vehicle. This led to a dose-dependent onset of anti-allodynia in the ipsilateral hind paw with peak responses observed at 0.75-1 hour post dosing, a duration of action of 1.5 hours at the lowest dose tested (3 μg/kg) and >3 hours for doses >3 μg/ kg. Oral administration of 30 μg/kg to CCI rats resulted in comparable effects with a duration of action of ~3 hours. 
EMA401: drug candidate for neuropathic pain
The first PubMed-indexed preclinical publication on the effects of EMA401 in an in vitro model was published in 2013 by two consultants and members of the Spinifex Scientific Advisory Board, together with scientists from the Imperial College (London, UK) and two other British institutes. 3 EMA401 was presented as a member of the tetrahydroisoquinoline class of AT2R antagonists. The AT2R was found in that study to be expressed in human peripheral somatic and visceral nerves and was partly co-localized together with TRPV1 receptors. Sensitization of the TRPV1 ion channel increased after application of angiotensin II and could be reduced by the administration of EMA401. This inhibition of the capsaicin responses by 100 nmol/L EMA401 was comparable to the inhibitory effects of 1 mmol/L gabapentin and 10 mmol/L morphine. Angiotensin II is known to stimulate neurite outgrowth, and consistent with this observation, EMA401 leads to the opposite effects in a neurite outgrowth assay: both the neurite density and the length of the neurites decreased after administering the compound in concentrations of 10 and 100 nmol/L. However, how to interpret the effects on neurite branching and length, for instance in the light of patients suffering from small fiber neuropathic pain, is unclear. The absence of neurite vesiculation and disintegration under EMA401 treatment was seen as supportive for the absence of a neurotoxic effect. One might argue, however, that inhibition of neurite regeneration can be regarded as a neurotoxic effect. This clearly seems an issue that needs to be further explored.
In 2013, the investigators from the University of Queensland who designed the patent from 2004 published the first in vivo data on EMA401 and a series of EMA compounds characterized by high affinity for the AT2R (AT2R antagonists with >1000-fold selectivity over the AT1R). These compounds included EMA200, EMA300, EMA400, and the sodium salt S-enantiomer EMA401. 20 Both the pharmacokinetics of these compounds and the results of the sciatic nerve CCI model were presented. Unfortunately, the authors only assessed the analgesic efficacy of single i.p. bolus doses of EMA200, EMA300, and EMA400 in the rat CCI model of the sciatic nerve and did not assess the effects of the drugs in steady state. Furthermore, they did not explore the lead compound EMA401 as a stand-alone compound in these studies. The S-enantiomer EMA401 had a 20-to 30-fold higher binding affinity than the R-enantiomer EMA402 for the AT2R. EMA401 was claimed to have better oral bioavailability (33%), but it was not clear from the text to what EMA compound the bioavailability was compared. The analgesic effect of EMA400 was ~60-fold higher compared to EMA300 and 250-fold higher than that of EMA200. Based on these data, EMA401 was selected as the lead compound for further development.
In 2014, supportive results of the first clinical phase II trial of EMA401 were published, supporting the efficacy and safety of EMA401 in patients with PHN. 21 This study was a randomized, placebo-controlled study that included 183 participants from 29 centers across six countries. In the publication, the authors referred to data on file held by Spinifex Pharmaceuticals, related to the pharmacokinetic and pharmacodynamic results in animals and from human phase I studies. The authors maintained that these data, together with the in vitro functional assay data, supported a potentially efficacious dose of 10-50 mg/day in human beings. EMA401 was reported to have demonstrated sufficient safety in the phase I program up to a dose of 400 mg. Consequently, the authors chose a dose of 200 mg/day (administered as 200 mg b.i.d.) for the phase II trial. The change in mean pain intensity between baseline and the final week of treatment (days 22-28) was a 2.3-point reduction in the EMA401 group on the classical 11-point numerical rating scale (NRS-11), compared with a 1.6-point reduction in the placebo group, representing a statistically significant difference (p=0.0066). This difference was 0.7 points smaller than the 1 unit used in calculating the sample size for this study. However, statistical significant does not necessarily translate to clinical relevance. Therefore, the investigator conducted an explorative analysis, in which the "number needed to treat" to achieve 50% reduction on the NRS-11 was 6.7. There were no relevant side effects, including any cardiovascular safety concerns. There was one methodological issue identified by the authors: one patient at the day 1 pre dose had a blood plasma level of EMA401 of 1070 μg/L. The investigators were concerned about the mislabeling at the clinic site and called into question the labeling of the other samples. The study is expected to be followed by a phase IIb/III program, assessing efficacy and safety of doses of EMA401 >100 mg and EMA401 administered during a longer period of time. However, such a study (evaluating 200 and 600 mg/day EMA401 in PHN) was registered in ClinicalTrials.gov, but was withdrawn in 2015, as was a second clinical study of diabetic neuropathy. The information on the site stated for both studies was as follows: "study has been withdrawn prior to enrollment". 
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Keppel Hesselink and Schatman clinical in vivo data. 22 Other data evidently are not available. In 2016, a review was published by Smith et al. 23 The 10,000-fold specificity of EMA401 at the AT2R over the AT1R and the results of single-dose administrations of EMA200, EMA300, and EMA400 in the unilateral CCI model were discussed. A second rat model was presented: peripheral neuropathy induced by the antiretroviral drug dideoxycytidine (ddC) resulted in mechanical allodynia. The administration of an i.p. bolus dose of EMA200 (0.3-10 mg/kg) resulted in dose-dependent relief of mechanical hypersensitivity, comparable to gabapentin at a dose of 30 mg/kg. EMA200 was also tested in two cancer pain models. Further explorative studies in animal models for neuropathic pain evaluating EMA401 were not reported in that article.
Post-phase IIa development
With the positive proof of principle results of the RCT in PHN, a first clinical milestone was reached. However, the study was a simple one-dose phase IIa study, and no dosefinding study compared at least two different doses (high dose and low dose) to placebo. In the absence of a clear dose-response curve and without the identification of a noeffect dose, isolated positive findings related to one dose do not yet bear much weight. A phase IIb (dose-finding) and confirmative phase III trials are required, as well as additional data from dose-finding studies, preferably including kinetics, in a number of neuropathic pain models.
Novartis took over Spinifex in 2015 in a $700M buyout deal. In the Novartis 2016 brochure, the company wrote "We have also added therapeutic depth in neuroscience: EMA401; Neuropathic Pain". 24 In the investor presentation of January 27, 2016, it was communicated that the US Food and Drug Administration filing date for EMA401 was scheduled after the year 2020, which is certainly vague. 25 There is silence from Novartis since the withdrawal of the two phase IIb studies. Let us hope this is based on the insight of Novartis experts regarding the need for a better dose-finding phase, additional explorative animal studies, or a once-daily formulation, rather than based on the issues of non-novelty and absence of innovation in one of the major patents protecting the development of EMA401.
Discussion
EMA401 is first in class as a high-affinity ligand for the AT2R. It is an old compound from the Parke-Davis laboratories and has been characterized in the previous century as a high-affinity AT2R antagonist. Preclinical experiments at the University of Queensland by Professor Maree Smith and colleagues supported the use of AT2R antagonists in neuropathic pain, and in a patent filed by the university in 2004, such antagonists were patented for the use in neuropathic pain (the so-called use patent). Subsequently, the patent examiner described "prior art" based on patents of pharmaceutical industries, and the novelty and innovation of a number of claims in the patent are now debated.
In preclinical experiments, supportive data for the entire EMA group of molecules in neuropathic pain and related models were generated, but only limited data have been presented for the lead compound EMA401. Data on chronic dosing and the dose-response curves in chronic neuropathic pain models have not yet been published. One issue for further exploration might be the fact that AT2R antagonists inhibit neuritic outgrowth, while agonists have been found to be neuroprotective. In a phase IIa study, EMA401 was significantly better compared to placebo after 3-4 weeks of oral administration of 100 mg b.i.d., although the numerical difference was <1 point on the NRS. It is anticipated that because Novartis took over development, extra preclinical and formulation work will be started, leading to a new design for the phase III program and possibly a once-daily dose formulation. The manuscript management system is completely online and includes a very quick and fair peer-review system, which is all easy to use. Visit http://www.dovepress.com/testimonials.php to read real quotes from published authors.
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